We study the breakdown of the quantum Hall effect in a nairow channel usmg quantum pomt contacts äs edge channel mixers, and äs voltage piobes. We observe a depcndence of the two-terminal and Hall resistances m the bieakdown regime on the adjustment of the poml contacts, m a mannei which demonstiates selective backscatteimg in the highest occupied Landau level An extension of Buttiker's theoiy of the quantum Hall effect with a Hall-voltage dependent backscattering rate accounts for some of our observations
The breakdown of the quantum Hall effect at high current densities (the regime of non-linear response) still is not very well understood [1] [2] [3] . Several mechanisms have been proposed (see ref. [3] for a recent discussion), but the Interpretation of the experiments is not unambiguous. Experimentally, the breakdown is conveniently studied [2] in a narrow (~ l μηι) channel or constriction. In such structures large Hall fields can be generated at moderate current levels (~ 0.1-1 μ. A). Recently, we have reported [4] results of an experimental study of the breakdown of the quantum Hall effect in a novel geometry, i.e., a narrow channel fitted with adjustable point contact voltage probes. We use the voltage probes äs edge channel mixers [5] , to regulate the equilibration of the highest occupied Landau level with the lower levels [5, 6] . This technique has enabled us to demonstrate that breakdown occurs predominantly through selective backscattering of electrons in the highest Landau level [4] . In our previous report, we discussed predominantly results on the four-terminal longitudinal resistance of the channel. Here, we present supplementary data on the two-terminal and Hall-resistance, and compare these experimental results with a model based on Buttiker's theory of the quantum Hall effect [7] , extended to the non-linear regime.
The top of fig. l gives a layout of the structure used in this work. The sample is fabricated from a high mobility (AI, Ga)As heterojunction wafer containing a 2DEG with a sheet electron concentration « s = 3.5 Χ 10 11 cm~2 and a mobility μ = 1.4 Χ ΙΟ 6 cm 2 /V · s. In the figure, crosses indicate ohmic contacts to the 2DEG; the hatched areas are split gates that are used to electrostatically define a channel of width W = *\ μ. m and length L = 18 μηι. Two opposite pairs of quantum point contacts are defined on the top (t, and In the lower panel of fig. l we show the current dependence of the differential two-terminal resistance of the channel (R 16 ). Beyond a current of 1-2 μ Α, R 16 suddenly increases, indicating the onset of breakdown. Clearly, the adjustment of the point contacts at the channel boundaries strongly influences the breakdown characteristics. When the point contacts transmit all edge channels ((N t ,N b ) = (2,2), solid curve), the breakdown occurs at a relatively small current. However, when the highest occupied edge channel is reflected ((N t ,N b ) = (1,1), dashdotted), considerably larger currents are required to obtain breakdown. For positive currents, the breakdown curves for the mixed sets ((N t ,N b ) = (1,2), dashed and (2,1), dotted) coincide with the curves for the Symmetrie sets (2,2) and (1,1), respectively. For negative currents, this correspondence is reversed. This implies that the breakdown characteristics are affected only by the adjustment of the voltage probes on the high-potential edge.
The effects of the adjustment of the point contacts on the breakdown can be understood qualitatively, assuming that backscattering occurs only in the upper Landau level, and that interLandau level scattering is negligible. Experimental support for both assumptions has been given in ref. [4] . The argument then is the following. Electrons entering the narrow channel along the top edge (assume positive current) in the highest Landau level are backscattered due to the proximity of the edge channel at the opposite edge. Further down the channel, a steady-state Situation is reached, but when the highest Landau level is transmitted through the point contact at the high potential edge (N t = 2), it is equilibrated with the other edge channels. This causes a repopulation of the partially depleted highest level, and consequently a second opportumty for backscattering. Fig. 2 shows the results of our experiments on the differential Hall resistance R 48 = dV 4S /dI, measured using one of the quantum point contacts at the top (4) and one at the bottom (8) edge of the channel äs voltage probes. In these data, we find a strongly enhanced breakdown when the point contact at the low potential edge is adjusted such that the highest occupied edge channel is not transmitted. We Interpret this effect äs a manifestation of the anomalous integer quantum Hall effect [6, 8, 9 ]. An anomalous Hall resistance is known to occur äs a result of non-equilibrium population distribution of the edge channels, provided that at least one of the voltage probes used in the measurement is non-ideal (in the sense that not all edge channels are fully transmitted). In our experiment the current contacts are ideal, and the presence of a non-equilibrium population of the edge channels (essential for the observed anomalous behaviour) must be the tesult of selective backscattering m the channel. This observation Supports our earlier conclusion [4] that breakdown occurs selectively in the highest Landau level, and is consistent with our Interpretation of the two-terminal data, discussed above. For strongly positive currents, R 4S äs measured for the pairs (l, 1) and (2, 1) is suddenly reduced to values comparable to R 48 for the pairs (l, 2) and (2, 2). (At strongly negative currents the same effect occurs for (l, 1) and (l, 2).) We attnbute this to the onset of mterLandau level scattering at the low-potential edge of the channel. A similar breakdown of adiabaticity has been observed in studies of the anomalous quantum Hall effect in wide conductors [8] .
We have attempted to model our observations starting from Büttiker's description [7] of the quantum Hall effect in linear response. To account for the non-linearities, we have used an energy dependent backscattering probability r(E) which depends on the Hall voltage K Hdll in a self-consistent manner. This is illustrated schematically in fig. 3 , which depicts the Variation of the energy of the highest Landau level along a cross section of the narrow channel at finite positive current [3] , so that the electrochemical potential of the top edge (μ^ is increased by eK Hall with respect to that of the bottom edge (/u b ). Occupied states are denoted by a thick line for electrons with a negative group velocity, and by a dashed line for electrons with a positive group velocity. The bottom of the Landau level has energy E 0 , which is mdependent of V HM . Fig. 3 illustrates that for electrons with energy E between μ 0 and E Q + eV Ual] , the distance between the high-and low-potential edge can be continously dimmished by increasing K Hdl |. We assume that backscattering in the highest level decreases exponentially with this distance, according to:
where K is a constant. We neglect backscattering in the lower Landau level. The above expression for r(E) is incorporated in a set of LandauerBüttiker equations describing a channel with two ideal current contacts, and two opposite point contact voltage probes, which are solved for the probe Potentials. Since F Hall and r(E) are mutually interdependent, the calculation is iterated until a self-consistent result is obtained. Results of our calculation for the differential resistances /? 48 and R l(l are shown in fig. 4 , for positive currents, and for filling factor v = 2.0. The value of K = 0.067 was chosen to yield approximately correct values for the differential resistance. The calculations for the two-terminal resistance 7? 16 in fig. 4a exhibit for low currents a flat "quantized" region. In this region R 16 is not exactly equal to h/4e 2 , because of the finite backscattering probability (r(E F ) ~ K) in the narrow channel for energies near the Fermi level (Ε ρ~μύ~μι for low currents). The resistance Starts rising steeply when eV HM ~ μ ύ -Ε 0h co c /2 (threshold of breakdown), and saturates for currents where the backscattering probability approaches K exp(2) ~ 0.5 over a wide energy ränge, äs follows from eq. (1) in the limit that K Hall »E,E Q . Our calculations for R 16 yield a similar pairing of the breakdown curves äs the experimental data, reflecting the importance of the top edge voltage probes. The calculated Hall resistance R 48 also agrees qualitatively with the experiment: the trace for (N t ,N b ) = (1,1) shows the strengest anomalous resistance peak; the anomaly is somewhat smaller for (2, 1), and smaller still for (l, 2). For (N t ,N b ) = (2, 2) no deviations from quantization occur, the reason being that the voltage probes used to measure the Hall resistance are ideal in this case.
Some notable discrepancies between calculation and experiment remain. Breakdown is found experimentally to occur at different current levels. In the calculation for the two-terminal resistance, however, the curves Start to deviate from quantization at the same current level. For the Hall resistance, the experimental (2, 2) curve shows resistances reduced below the quantized value, whereas the calculation shows no breakdown at all. Also the reduction of R 4S at large currents for the (l, 1), (l, 2) and (2, 1) configurations is not reproduced by the calculation.
In conclusion, our new experimental results support the idea proposed in ref. [4] that breakdown of the quantum Hall effect in a narrow channel proceeds predominantly via selective backscattering within the highest Landau level. Modelling the breakdown phenomena with a Hall-voltage dependent backscattering probability r(E) yields a reasonable qualitative description of some characteristic features of the experiments, but other features call for a less simplified model (which presumably should also include interLandau level scattering).
